[1] First-order reversal curve (FORC) diagrams are a new technique for identifying magnetic minerals and characterizing their domain structures and interactions. FORC diagrams have potentially important applications for determining magnetic mineral compositions and grain sizes in paleomagnetism and environmental magnetism. However, the interpretation of the FORC parameters H c and H u as being equivalent to microcoercivity and particle interaction field, respectively, needs to be thoroughly tested in order to validate the FORC method. In order to test this interpretation, we measured FORC diagrams on elongated single-domain particles at temperatures ranging from 20 to 853 K (580°C). The FORC distribution contracts significantly along both axes above 430°C, and the bulk coercive force decreases rapidly. The main causes of these features are decreasing spontaneous magnetization M s (T) and increasing thermal activation of single-domain moments pinned by shape anisotropy. A profile through the FORC peak along the H c axis can be integrated to give a synthetic alternating field demagnetization curve or isothermal remanence curve. The synthesized curves match measured curves quite well at a variety of temperatures, and the FORC median H c varies approximately in proportion to the bulk coercive force. A profile through the FORC peak parallel to the H u axis contracts with heating approximately as M s (T), and the half width of the distribution is similar to independent measures of local interaction fields H i . These properties support the interpretation of the FORC variables H c and H u as being equivalent to microcoercivity H c and interaction field H i , respectively. 
Introduction
[2] A first-order reversal curve (FORC) is a minor magnetic hysteresis loop, and a set of such loops generates a FORC distribution [Roberts et al., 2000] . The FORC distribution contains a wealth of information not recorded by the bulk hysteresis parameters, which average over all grains. The properties of FORC distributions have been tested, mainly on magnetite (Fe 3 O 4 ), for grain sizes with resulting domain structures that range from multidomain (MD) through pseudosingle domain (PSD) to single domain (SD) [Pike et al., 1999 [Pike et al., , 2001a [Pike et al., , 2001b Muxworthy and Dunlop, 2002] . Because SD behavior in equidimensional magnetite occurs over a narrow size range, 0.03-0.07 mm, it is difficult to produce a purely SD magnetite sample. Grains typically have a range of sizes that encompasses PSD through thermally stable SD to thermally unstable superparamagnetic (SP) behavior. This mixture of states complicates the interpretation of FORC results.
[3] Our solution is to use elongated grains, which have an extended SD size range. The long dimension of the grain can be as much as a few microns without compromising SD behavior; that is, remanent magnetic states in which all spins are aligned produce a magnetization equal to the spontaneous magnetization M s and rotation between these states at a critical magnetic field H c . For this reason, elongated SD grains are used in most magnetic recording media.
[4] In this paper we report FORC diagrams measured below, at, and above room temperature for elongated SD grains of maghemite (gFe 2 O 3 ). We chose a well-characterized maghemite used in high-resolution magnetic recording because of its narrow size distribution [Ö zdemir, 1990] . Maghemite has no low-temperature crystallographic transition, allowing us to measure FORC distributions below 120 K (the magnetite Verwey transition).
[5] Maghemite generally inverts to hematite (aFe 2 O 3 ) when heated above 500°C, making it impossible to deter-mine the Curie temperature T C , but our sample is unusually stable and has a T C of 645°C [Ö zdemir and Banerjee, 1984] . This and many other magnetic properties (e.g., M s (T) dependence, coercivity values, and SD size range) resemble those of magnetite. Our reason for measuring FORC diagrams at a variety of temperatures is to test predicted properties of the FORC distribution of interacting SD grains (section 2).
Sample Characteristics
[6] Our synthetic maghemite contains grains of average length 0.45 ± 0.15 mm and elongation 9.4 ± 0.2 [Ö zdemir and Banerjee, 1984] . X-ray analysis using Cu-K radiation gave numerous superstructure lines typical of maghemite. The spinel unit cell edge was a = 8.33 ± 0.01 Å . The room temperature value of saturation magnetization M s of 65.3 A m 2 /kg is lower than the standard value 77 A m 2 /kg because of micropores.
[7] The ratio of saturation remanence M rs to saturation magnetization M s is 0.49, and the ratio of remanent coercive force H cr (measured after the major loop) to H c is 1.21. These values are typical of SD grains with uniaxial (shape) anisotropy and weak interactions [Dunlop and Ö zdemir, 1997] . The remanence state is SD, but we do not assume that the reversal mode for these particles is uniform rotation. As shown by Newell and Merrill [1999] , the limit volume for a uniform reversal mode is (0.1 mm)
3
, which is about the mean size of our particles. Another test of interactions is the crossover value R of normalized alternating field (AF) demagnetization and isothermal remanent magnetization (IRM) acquisition curves [Cisowski, 1981] . Crossover occurred at R = 0.43 (R = 0.46 for DC demagnetization and IRM acquisition curves), compared with a theoretical R = 0.50 for no interactions [Wohlfarth, 1958] .
FORC Diagrams
[8] Measuring a FORC diagram begins with saturating the sample. The field is decreased to a reverse field ÀH a and then increased again up to saturation through field steps H b . This process is repeated for %100 values of H a . The FORC distribution is defined to be [Roberts et al., 2000] 
where
[9] The FORC distribution r(H a , H b ) at a point P is calculated by fitting a polynomial surface of the form a 1 + a 2 H a + a 3 H a 2 + a 4 H b + a 5 H b 2 + a 6 H a H b on a local square grid with P at the center [Pike et al., 1999; Roberts et al., 2000] . The value Àa 6 is r(H a , H b ) at P. The smoothing factor (SF) sets the size of the local square grid on which the polynomial fit of the magnetization is performed. The number of points on the grid is (2SF + 1) 2 [Pike et al., 1999; Roberts et al., 2000] . For example, an SF of 3 means that the smoothing is performed across a 7 Â 7 array of data points. Smoothing is necessary in order to reduce the effect of measurement noise that is magnified by the second derivative. Positive regions on the FORC diagram are indicated by a light shading, and negative regions are indicated by a dark shading.
[10] Grains having different domain structures and interactions plot in different parts of the FORC diagram [Pike et al., 1999 [Pike et al., , 2001a [Pike et al., , 2001b Roberts et al., 2000] . Noninteracting SD grains with a narrow size-shape distribution would be expected to have a single peak on the H c (i.e., H u = 0) axis. The peak should be narrow in the H c direction because H c represents microcoercivity or switching field, which is determined by grain shape. It should also be narrow in the H u direction because H u represents the interaction field H i between grains. Both predictions are based on Néel's [1954] interpretation of the analogous Preisach [1935] diagram.
[11] A partial test of predictions was carried out by Muxworthy and Dunlop [2002] . As grain size increased in the magnetite PSD range, the peak in r(H a , H b ) moved to lower H c values, eventually merging with the H u axis. In the MD range the peak broadened in the H u direction, and contours became perpendicular to the H c axis, as found also by Pike et al. [2001b] for MD grains. Muxworthy and Dunlop [2002] tested two simple predictions about the T dependence of r(H a , H b ). The bulk coercive force hH c i averages over H c values; therefore profiles f (H c ) parallel to the H c axis through r(H a , H b ) at different temperatures should contract with increasing T in proportion to hH c i (T), which for shape anisotropy is /M s (T). Because particle interactions are magnetostatic, profiles g(H u ) through r(H a , H b ) parallel to the H u axis should also contract with increasing T in proportion to M s (T). We make similar tests for our FORC results.
FORC Distributions
[12] FORC measurements were made using two automated vibrating sample magnetometers, measuring in the ranges 20-300 and 300 -900 K. The saturating field was 0.8 T. We used an averaging time of 200 ms, and we measured 80 minor loops for each FORC diagram. With these parameters, one FORC diagram is measured in %1 hour. The noise increased near T C , where magnetizations are weak, requiring more smoothing (SF = 5) than at lower T (SF = 2 or 3). Numerical processing was carried out using the FORCanalysis software provided by Pike et al. [1999] .
[13] An example of the raw data (first-order reversal curves without any processing) is shown in Figure 1 for a measurement at 20 K. FORC distributions measured at and below room temperature are highly reproducible and are very similar in shape, apart from a slight expansion along both axes dictated by the increase in M s (T) (Figure 2 ). The distribution has a single major peak centered on the H c axis and is roughly symmetrical in form. At room temperature the peak is at H c % 40 mT, H u = 0, with a spread at halfpeak height of about ±12.5 mT in both H c and H u . The microcoercivity distribution f (H c ) is thus quite narrow about the mean, but the distribution g(H u ) is broader than anticipated from the interaction sensitive parameters M rs /M s and R (section 2).
[14] The FORC distributions in Figure 2 have two lobes, extending to high H c and negative H u . Both are most accentuated in the three lowest contours, the central distribution being close to circular. The ÀH u lobe is flanked at low H c by a small negative peak, which persists at all temperatures up to 700 K (428°C, Figure 3d ) and seems to be real. The pattern is reminiscent of the distribution found theoretically by Pike et al. [1999] using a moving Preisach model with both local interaction fields [Néel, 1954] and a mean interaction field proportional to the net sample magnetization. This model is more physically realistic than the local interaction field model. Hejda and Zelinka [1990] showed that most of the asymmetry seen in the classical Preisach interpretation can be accounted for by the moving Preisach model. However, in Pike et al.'s distribution the negative peak lies immediately below the main positive peak and forces contours inward, whereas our negative peak is offset diagonally, and the main peak contours ''spill'' around it. Thus it is uncertain whether the persistent pattern in our FORC distributions is evidence of mean-field interactions or not.
[15] FORC distributions determined at and above room temperature appear in Figure 3 . The H c scale has been expanded 30% relative to the H u scale in Figures 3a -3d (the scales are identical along the two axes in Figures 3e and 3f and in Figure 2 ). As T increases from 150°C to 428°C, the tailing of the microcoercivity distribution to high H c becomes more marked. The high-H c lobe now includes the central contours, not just the outer ones, and the overall asymmetry in f (H c ) is more accentuated. Beginning with the 312°C data, the peak of the spectrum moves to lower H c , eventually merging with the H u axis at 580°C. At high temperatures, more smoothing is necessary because the magnetization is much weaker. Figures 3g-3i show the effect of smoothing on these more noisy data.
[16] In a number of other FORC studies the diagonal line in the negative H u region starting from the origin of the FORC diagram often shows a particular pattern. For example, alternating positive and negative peaks along this line are sometimes observed, in both modeled and measured FORC diagrams [e.g., Carvallo et al., 2003] . In modeling, the line is due to the perturbations introduced in the model to test the stability and which cause the Barkhausen jumps to occur at different fields on each reversal curve. At temperatures less than 428°C the ÀH u lobe, which roughly follows this line, can be suspected to be an artifact created by processing and may not be physically realistic.
[17] The shift of the peak toward lower H c is somewhat similar to the trend seen by Muxworthy and Dunlop [2002] over a similar T range for their finest (0.3 mm) PSD magnetite and was interpreted by them as marking a progressive change from SD-like to MD-like behavior. However, whereas their contours spread along the +H u and ÀH u axes in a symmetrical fashion at high T (a characteristic MD pattern), ours remain highly asymmetrical even at 580°C. There is no spreading at all along the +H u axis. In the ÀH u direction, the contours are actually compressed, while abrupt bends in these contours define a largely separated ÀH u lobe extending at least 3 times farther than the main distribution. As the ÀH u lobe moves with the main spectrum to lower H c at 553°C and 580°C, the flanking negative peak is annihilated.
Analysis and Discussion
[18] Ö zdemir [1990] found that M rs /M s of this maghemite remained close to 0.5 for T 500°C, reached 0.45 by 
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[19] The constancy of M rs /M s also has implications for interactions. Mean-field interactions will affect M rs /M s , decreasing it for a net negative interaction (in the same manner as the internal demagnetizing field in large MD grains) and increasing it for positive interaction. Since M rs /M s remains at or near 0.5 over a very wide range of T, we conclude that mean-field effects are minor compared with local interaction fields in our sample. Another hallmark of mean-field interactions, tilting of the axis of the FORC distribution [Pike et al., 1999] , is also absent from our results. Thus the diagonally flanking negative peak in our FORC diagrams for all T 428°C must have a different cause than Pike et al.'s [1999] vertically offset negative peak.
[20] We next test two predicted features of FORC distributions. These are the assumed match of a profile f (H c ) taken parallel to the H c axis with the microcoercivity distribution and the association of a profile g(H u ) parallel to the H u axis with the spectrum of (local) interaction fields. The first is directly testable because the microcoercivity distribution can be measured independently by IRM acquisition and/or AF or DC demagnetization of the saturation remanence M rs .
[21] The most common measure of the microcoercivity spectrum is the AF demagnetization curve, a (reverse) cumulative distribution, starting from 100% magnetization at zero AF. Other cumulative coercivity spectra can be recast in the same form, the IRM acquisition curve by plotting 1 À M ir (H)/M rs versus H and the DC demagnetization (or backfield) curve by plotting 1/2 [1 + M r (ÀH)/M rs ] versus H [Dunlop and West, 1969; Dunlop, 1986] . Figure 4 illustrates these three spectra, determined from the results of Ö zdemir [1990] . For SD grains, differences between these distributions are usually attributed to interactions (e.g., the dM method [El-Hilo et al., 1992] and the Henkel plot [Proksch and Moskowitz, 1994] ). The interactions here are negative, since the AF and DC demagnetization curves lie below the inverted IRM acquisition curve, and small, with a maximum difference between pairs of curves of %7.5 mT.
[22] The cumulative distribution obtained by integrating f (H c ), profiled parallel to the H c axis through the peak of the 300 K FORC distribution, is also plotted in Figure 4 . Such profiles at different H u values are generally similar. Below the H c axis the peak of each profile migrates to the right, but this may be due to processing artifacts as discussed in section 4. We will focus on the profiles through the peak of FORC distribution because they give more details. The distribution closely resembles the experimental coercivity spectra, especially the AF demagnetization curve, although it is displaced slightly to higher fields. There is little doubt that the FORC diagram has the power to predict the measured microcoercivity distribution of a sample. However, it would not be a practical substitute for AF or DC methods, which are much quicker.
[23] A further test of the interpretation that H c in the FORC diagram represents microcoercivity is to compare cumulative f (H c ) profiles at different T ( Figure 5 ). The initial plateau in the spectrum measured at 150°C is also seen in AF demagnetization curves of SD grains; indeed, it is one of the hallmarks of SD behavior [Dunlop and Ö zdemir, 1997, chapters 11 and 12] . The plateau in the spectrum is reduced in size at 312°C and 428°C and disappears above 550°C. Exactly the same pattern is seen in AF demagnetization curves of saturation remanence directly measured at high T for equidimensional SD and near-SD magnetite grains (Figure 6 ) [Dunlop and Bina, 1977] . The main difference between our set of curves ( Figure 5 ) and the measured high-T AF curves (Figure 6 ) is that our elongated SD grains have higher shape anisot- ropy and correspondingly higher H c values. Another factor is that the samples used by Dunlop and Bina [1977] were annealed, which reduced coercivity significantly. The change in shape of the spectrum with increasing T does not indicate a shift toward more MD-like behavior. It is due to the effect of thermal fluctuations on H c [Dunlop and Bina, 1977; Dunlop and Ö zdemir, 1997, chapter 8] .
[24] The bulk coercive force hH c i is an average over the microcoercivity spectrum f (H c ). hH c i is consistently smaller than remanent coercivities such as H cr or the median fields of IRM acquisition and AF demagnetization because the condition M = 0 is reached with a smaller backfield ÀH than the condition M r = 0 and involves a balance between remanent and induced magnetizations. Nevertheless, hH c i should decrease in somewhat the same way as remanent coercivities when T increases. This expectation is tested in Figure 5 (inset), which compares hH c i (T) data from the major loop at each T with peak and median H c values of the FORC distribution at the same T. The variations are quite similar, although hH c i is %35% lower than the peak and median H c values at the lower temperatures, and this difference increases at high T, where unblocked SP grains provide a large negative induced M that causes hH c i to plummet.
[25] Testing the equivalence of H u in the FORC distribution and particle interaction field H i is more problematic because interactions cannot be measured directly. Pike et al. [1999] measured an %30% increase in the width of g(H u ) at half-peak height as the concentration of dispersed SD particles increased from 1.5% to 9%. A different test is based on the fact that the interaction field, whether local or averaged over the sample, is magnetostatic and should therefore vary with T as M s (T) [Muxworthy and Dunlop, 2002] . In Figure 7 we show half profiles g(H u ) taken through the FORC peak in the +H u direction (the more regular half of the distribution) at different T. The median field H med of each profile is plotted against T (Figure 7 , inset) and compared with M s (T). Like Muxworthy and Dunlop [2002] and unlike Dunlop et al. [1990] , who found H med (T) / hH c i(T), we find H med (T) / M s (T). Our results therefore support H u H i .
[26] Even though the most important application of this study is to show that, in the case of SD grains, the FORC distribution along the horizontal axis does represent the microcoercivity distribution and the distribution along the vertical axis, the interaction field distribution, our work is also applicable to studies of elongated SD grains in nature. For example, crystallographically oriented needles of magnetite in pyroxenes [Evans et al., 1968; Renne et al., 2002; Feinberg et al., 2003] and plagioclase [Murthy et al., 1971; Hargraves and Young, 1969] are common in nature, and they impart unexpectedly intense and stable natural remanent magnetization (NRM) to gabbros, anorthosites, and some diabases. Also, rods of titanium-poor titanomagnetite isolated by ilmenite lamellas in the course of oxyexsolution are thought to carry the highest-coercivity fraction of NRM in continental and submarine basalts [Strangway et al., 1968] .
Conclusion
[27] FORC distributions of acicular SD maghemite particles at different temperatures are quite similar except close to T C . A quasicircular peak, centered on the H c axis and well separated from the H u axis, gradually contracts with increasing T, more or less in proportion to M s (T). Because M s (T) changes very little between 20 K and 300 K, the low-T FORC distributions (Figure 2 ) are almost identical. The outer contours of the distribution are not symmetrical but form lobes extending to higher H c and to H u < 0, the latter flanked diagonally by a small negative peak that persists at least until 428°C (Figure 3 ). Below 428°C it is possible that the lobe at H u < 0 is a result of processing artifacts. The Figure 6 . Alternating field demagnetization of a 0.037 mm SD magnetite sample measured at high temperatures [after Dunlop and Bina, 1977] . Reproduced by permission of Blackwell Publishing. asymmetries grow at high T. In the H c direction the peak shifts to smaller H c and at the highest T (580°C) merges with the H u axis, while the high-H c lobe expands and incorporates more of the contours. In the H u direction the ÀH u lobe expands, annihilates the minor negative peak above 428°C, and at 580°C essentially detaches from the main distribution, which is now compressed on its lower side.
[28] A profile f (H c ) along the H c axis through the peak of the FORC distribution r (H a , H b ) has the properties of a cumulative microcoercivity distribution, e.g., an AF demagnetization curve or an IRM acquisition curve, both commonly measured when characterizing samples in paleomagnetism and environmental magnetism. The match is quite close between these experimental curves and f (H c ) determined from the room temperature FORC distribution of our sample (Figure 4) . Furthermore, a stack of such f (H c ) spectra from FORC distributions at different T ( Figure 5 ) matches very well, in general shape and migration of the initial plateau in the spectrum, measured high-T AF demagnetization curves of saturation remanence for SD magnetites ( Figure 6 ). Finally, the median and peak fields from f (H c ) have approximately the same temperature variation as the measured bulk coercive force hH c i (Figure 5 , inset). In combination these tests make the equivalence of H c in the FORC diagram and microcoercivity H c as measured in standard rock magnetic experiments almost a certainty.
[29] It is less easy to prove that g(H u ) profiled parallel to the H u axis through the peak of r (H a , H b ) represents the distribution of interaction fields in the sample. First, there are several sources of interaction. The mean interaction field due to net sample magnetization seems to have a minor influence: M rs /M s remains close to 0.5 for all but the highest temperatures; there is no obvious tilting of the axis of r(H a , H b ); and the contours are not systematically compressed from above or below [Pike et al., 1999] . Local (mainly nearest-neighbor) between-particle interactions are certainly present. The crossover values R between AF or DC demagnetization curves and the IRM acquisition curve were 0.43 and 0.46, respectively, instead of the zerointeraction value 0.5. When all three curves were plotted in compatible form (Figure 4 ), the maximum difference between any pair of curves was %7.5 mT. This compares reasonably well with the spread of about ±12.5 mT about the peak in g(H u ) at half-peak height (300 K FORC distribution).
[30] The temperature dependence of this median field of the g(H u ) spectrum was tested (Figure 7) . Interactions on all scales (whole sample and between particle), like dipole interactions, are magnetostatic, and the interaction field H i should be /M s . The observed T variation was indeed /M s (T) (Figure 7 , inset), confirming the equivalence of H u and H i .
[31] A final observation is that these T-dependent FORC distributions are quite different from a set measured for PSD grains at similar temperatures [Muxworthy and Dunlop, 2002] . The PSD FORC distributions evolved from more SD-like to more MD-like with increasing T, in accord with the interpretation that PSD behavior results from a mixture of SD and MD grains or moments [e.g., Dunlop, 2002] . Our FORC distributions remained purely SD-like up to temperatures so close to T C that thermal activation unblocked a large fraction of the grains and rendered them SP.
